Purpose: Study purpose was to investigate the effects of bariatric surgery on intraocular pressure (IOP) and other ophthalmic parameters in a prospective observational follow-up study. Methods: Ophthalmic examination was performed on 22 obese women before and 6 months after bariatric surgery. A control group of 15 non-obese agematched women were studied twice 6 months apart. IOP was measured with the Goldmann applanation tonometer (GAT) and the Pascal dynamic contour tonometer (PDCT). None of the subjects had glaucoma. Results: Average weight loss 6 months after bariatric surgery was 25 AE8 kg, (p < 0.05). Visual acuity (VA), pachymetry and systolic as well as diastolic blood pressures did not differ between the obese and control groups and no change between the visits was detected. At baseline, IOP was significantly higher in the obese group than in the controls (16.6 AE 3.0 mmHg GAT and 18.1 AE 2.2 mmHg PDCT compared with 14.3 AE 1.5 mmHg GAT and 16.5 AE 1.9 mmHg PDCT respectively). After bariatric surgery, IOP was significantly lower (15.2 AE 2.7 mmHg GAT and 16.5 AE 2.0 mmHg PDCT, p < 0.05) and no significant difference was detected between the operated and control groups. In the whole data at baseline, IOP correlated with weight, body mass index, waist circumference, body fat per cent and systolic blood pressure values. Conclusion: Intraocular pressure (IOP) is significantly higher in obese women than in non-obese age-matched controls. Obese subjects had a decrease in IOP after bariatric surgery with no change in IOP in the control group. This change in obese group may be related to weight loss. Different measures of obesity correlated with IOP at baseline.
Introduction
Glaucoma is a progressive optic neuropathy characterized by disease specific damage to the optic nerve head, retinal nerve fibre layer and visual field. Globally, it is the second most common cause of blindness (Quigley & Broman 2006) . Well established risk factors are high intraocular pressure (IOP), age, family history, myopia, exfoliation syndrome, diabetes, ethnic background and optic disc haemorrhage (Dielemans et al. 1994; Ekstr€ om 2012; Hollands et al. 2013; Klein et al. 1992; Kwon et al. 2009 ; Leske et al. 2007 ; Leske et al. 2008; Mitchell et al. 1996; Ontario Health Quality, 2006; Tuck & Crick 1998; Wensor et al. 1998; Zhao et al. 2015) . Also a lower perfusion pressure (small difference between systemic blood pressure and IOP) is a risk factor for glaucoma (Tielsch et al. 1995; B echetoille 1996; Sommer 1996; Bonomi et al. 2000; Topouzis et al. 2013) . Obesity is an increasing burden worldwide and it has impact on ophthalmic pathologies including agerelated cataract, age-related macular degeneration and diabetic retinopathy (Cheung & Wong 2007; Zhang et al. 2016) . However, it is still elusive whether there is a direct link between obesity and IOP.
Raised IOP is the main risk factor for glaucomatous optic neuropathy (Bengtsson & Heijl 2005; Gordon et al. 2002; Jonas et al. 1998; Leske et al. 1995) . Systemic blood pressure and glaucomatous optic neuropathy may be linked through ophthalmic perfusion pressure (difference between blood pressure and IOP). A lower ophthalmic perfusion pressure, meaning lower blood pressure values, has been shown to be a risk factor for open angle glaucoma (Bonomi et al. 2000; Leske et al. 2007 Leske et al. , 2008 Memarzadeh et al. 2010; Tielsch et al. 1995) . In overweight and obese African/European population, a negative correlation of ophthalmic perfusion pressure and IOP has been found, that is, the higher the IOP the lower the perfusion pressure (Ngo et al. 2013 ). On the other hand, a positive linear association of body mass index (BMI) and IOP is found in Asian populations in both genders (Mori et al. 2000; Su et al. 2009; Jang et al. 2015) . However, lower BMI has been shown to be associated with larger cup-to-disc ratio (Zheng et al. 2010 ) and higher BMI with lower risk of open-angle glaucoma (Leske et al. 1995) . In a case-control study, when comparing those with and without glaucoma, no significant difference was found in BMI (Gasser et al. 1999) .
To our knowledge, there are no studies on the impact of weight loss or bariatric surgery on IOP. In this study, we examined ophthalmic parameters of obese women before and 6 months after bariatric surgery compared with an age-matched non-obese control group was examined twice 6 months apart.
Materials and Methods
A total of 27 obese women at the Turku University Hospital scheduled to undergo bariatric surgery and 15 age-matched, non-obese volunteers were included in the study. The inclusion criteria for bariatric surgery and this study were: (i) BMI >40 kg/m 2 or >35 kg/m 2 with an obesity-related comorbidity, (ii) age 18-60 years, (iii) conservative treatments for obesity have failed. The exclusion criteria were: (i) BMI >60 kg/m 2 or weight >170 kg, (ii) mental disorder or poor compliance, (iii) eating disorder or excessive alcohol consumption, (iv) active ulcer disease in the stomach, (v) fasting plasma glucose level >7 mMol/l or insulin dependence, (vi) pregnancy. The obesity-related comorbidities were increased blood glucose level (five cases), hyperlipidemia (one case), systemic hypertension (two cases), and a fractured vertebra (one case). The inclusion criteria for control group were: (i) BMI 18-27 kg/m 2 , (ii) age 18-60 years, (iii) fasting plasma glucose level <6.1 mMol/l, (iv) normal glucose tolerance test. The exclusion criteria for control group were: (i) blood pressure >140/90 mmHg, (ii) any chronic disease, (iii) mental disorder or poor compliance, (iv) eating disorder or excessive alcohol consumption, (v) pregnancy. Antihypertensive and antidiabetic drugs were discontinued before the experiments. The ethics committee of the Hospital District of Southwestern Finland approved the study, and all subjects gave their written informed consent before participation. The study followed the tenets of the Declaration of Helsinki. Four subjects withdrew their consent before the experiments and one during the study phase due to personal reasons. In total, 22 obese subjects completed the study protocol with their eyes examined before and 6 months after bariatric surgery. The eyes of the control group were studied twice 6 months apart.
Clinical screening of all subjects included physical examination, history and anthropometric measurements. Blood pressure was measured before and after the surgery in a sitting position with OMRON 711 automatic blood pressure monitor (Omron Corporate, Kyoto, Japan). Body fat per cent was assessed with bioimpedance meter Omron BF 400 (Omron Corporate). The same ophthalmologist (AV) made all ophthalmological examinations which included biomicroscopical examination and measurements of corrected VA and IOP. Glaucoma was defined as progressive disease with glaucomatous damage in the optic nerve head (a local rim notch or cup enlargement), changes in the visual field (nasal step, arcuate scotoma, paracentral scotoma) and local or diffuse thinning of the nerve fibre layer. None of the participants had history of raised IOP or glaucoma or other ophthalmic disease that could affect IOP. Also, also nerve fibre layer measured with Spectralis optical coherence tomography (Heidelberg Engineering GmbH, Heidelberg, Germany) were judged as normal for all of the participants. IOP was measured in the sitting position twice with Goldmann applanation tonometer (GAT) and twice with a Pascal dynamic contour tonometer (PDCT; Ziemer Ophthalmic Systems AG, Port, Switzerland). An average of the two measurements was used in the analyses. When repeating the measurements after 6 months, the time of measurements was always within 4 hr of baseline examination to minimize the effect diurnal variation of IOP. Thickness of the cornea was measured with Heidelberg IOPac Advanced Pachymeter (Heidelberg Engineering GmbH). On biomicroscopic examination, none of the subjects had shallow anterior chamber. Pupils were dilated for fundus examination using tropicamide 1% and phenylephrine hydrochloride 2.5% eye drops. The optic nerve head was specially evaluated to find any signs on glaucoma or abnormalities.
Three perfusion pressures were calculated; systolic perfusion pressure (systolic blood pressure À IOP), diastolic perfusion pressure (diastolic blood pressure À IOP) and mean perfusion pressure [(systolic blood pressure À 1/ 3 9 [systolic blood pressure À diastolic blood pressure]) À IOP] (Tielsch et al. 1995) .
Statistical analysis
Statistical analyses were performed using IBM SPSS Statistics software version 22 (Armonk, NY, USA). Data is presented as a mean AE SD. A p value of <0.05 was considered statistically significant. Equality of variances and normality was tested using Levene's test and Shapiro-Wilk test. Student and paired t tests were used to assess between-and within-group differences respectively. Univariate analyses are presented as Pearson or Spearman correlation coefficients, when appropriate. Only right eye data is used in the analyses.
Results
Baseline characteristics of both study groups are shown in Table 1 . At baseline, IOP was higher in obese group but no differences in other ophthalmic parameters were detected. Obesity measurements and blood cell counts differed between the surgery and control groups. After bariatric surgery, significant decrease in weight (mean: À26.7 kg, range from À12.8 kg to À39.1 kg) and BMI (À4.7 kg/m 2 , range from À2.9 kg/ m 2 to À14.2 kg/m 2 ) were observed with no change in haemoglobin, platelet count, haematocrit and blood pressure (data not shown). In the control group, no change was found in anthropometrics, blood pressure or blood cell count (data not shown) when measures were repeated after 6 months. Ocular perfusion pressure values did not differ between controls and intervention group at baseline (p > 0.05) and no change at the follow-up visit was detected in either group (p > 0.05), data not shown.
Ophthalmic characteristics after 6-month follow-up are shown in Table 1 . No change was found in VA or refraction in either of the groups. Intraocular pressure (IOP) values measured both with the GAT and the PDCT had decreased statistically significantly in the operated but not in the control group. At baseline, IOP was statistically significantly higher in the obese group than in the non-obese control group (p < 0.01 for GAT and p < 0.03 for PDCT) but at the 6-month follow-up visit, IOP of the surgery group was in a level of the control group (p > 0.05).
Correlations
The data of both groups was combined at baseline. The IOP measured with the GAT correlated with weight (r = 0.40, p < 0.02), BMI (r = 0.36, p < 0.02), waist circumference (r = 0.40, p < 0.01), body fat per cent (r = 0.42, p < 0.01), and systolic blood pressure (r = 0.34, p < 0.04). Similarly, the IOP measured with the PDCT correlated with weight (r = 0.41, p < 0.01), BMI (r = 0.39, p < 0.02), waist circumference (r = 0.37, p < 0.02) and body fat per cent (r = 0.48, p < 0.01).
Discussion
In this study, obese subjects undergoing bariatric surgery had higher IOP than non-obese controls at baseline. After 6 months follow-up, IOP had decreased in the surgery group, but no change was observed in the control group. No significant difference or change was found in other ophthalmic parameters (visual acuity, refraction, pachymetry). Weight loss and decrease in IOP may be associated, but no specific mechanism behind it was revealed. Also possible effects in glaucomatous eyes should be further studied.
There are some factors that could have caused measurement errors. Tonometry with a device attached to a biomicroscope may cause stress for an obese subjects and erroneously high readings (Whitacre & Stein 1993) . After weight loss this physical stress during tonometry may be decreased and IOP readings may therefore be lower. Diurnal variation in IOP (Sit 2009 ) may also have an effect though in this study, the baseline and follow-up measurements were done at the same time of the day (within four hours). Intraocular pressure (IOP) measurements were not masked resulting possible bias, but then single examiner variantions in IOP measurements are small. Furthermore, two different tonometer's were used and PDCT gives digital readings, which clarifies IOP interpretation, compared to Goldman applanation tonometer. Obesity is related to sleep apnoea (Shah & Roux 2009 ), diabetes, hypertension (Guh et al. 2009 ) and hormonal changes, including gastric hormone signalling (Wolfe & Boylan 2014) , and these co-morbidies may affect IOP. Bariatric surgery may change gastric signalling, cause early resolution of diabetes (Buchwald et al. 2009; Nannipieri et al. 2013 ) and there may be also some other possible mechanisms that could modulate IOP.
In the whole data set of our study, anthropometric measurements correlated with IOP. This has also previously been reported in Asian population (Nomura et al. 1999; Mori et al. 2000; Jang et al. 2015) . Several mechanisms have been proposed to explain correlation between obesity and IOP. Blood viscosity could decrease aqueous humour outflow facility. In our study, however, haemoglobin, platelet count and haematocrit values did not change significantly after bariatric surgery (Table 1 ), but at baseline the values were significantly higher in obese group than in the nonobese control group. Hyperglycaemia can lead to osmotic fluid shifts (Mitchell et al. 1997) , though in both ways. In our study, fasting plasma glucose levels and glycosylated haemoglobin decreased after surgery (p < 0.05, data not shown), but the change did not correlate with IOP (data not shown). Also diabetes when complicated with neuropathy of autonomic nerve system could affect IOP (Mapstone & Clark 1985) . Orbital fat mass may mechanically compress episcleral blood circulation and raise IOP. However, in our study orbital fat mass was not measured. Central corneal thickness has been reported to be increased in obesity thus resulting in higher IOP readings (Su et al. 2009 ). In our data, corneal thickness did not change after weight loss and no statistically significant difference was detected between obese and non-obese controls.
In conclusion, we found a significant decrease in IOP in obese subjects undergoing bariatric surgery. This observation could be due to weight loss or other changes in the body. At baseline before surgery, IOP in the obese group was higher than in nonobese control group. At 6 months after bariatric surgery, IOP decreased to the level of the controls. Intraocular pressure (IOP) also correlated with different measures of obesity. None of the subjects had glaucoma and therefore the effect of bariatric surgery in glaucoma could not be assessed.
The small sample size and lack of masking are the limitations in our study. Also withdrawal of four subjects may have caused some bias. Therefore, future studies with larger masked sample sizes are needed. Moreover, now only female subjects were studied, and hormonal status was not assessed. The current study did not reveal any mechanisms that would link obesity with raised IOP or mechanisms that would decrease IOP after weight loss by bariatric surgery.
